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Abstract: Detection of biomarkers for tracking disease progression is becoming increasingly
important in biomedicine. Using saliva as a diagnostic sample appears to be a safe, cost-effective,
and non-invasive approach. Salivary interleukin-8 levels demonstrate specific changes associated
with diseases such as obstructive pulmonary disease, squamous cell carcinoma, oral cancer, and
breast cancer. Traditional protein detection methods, such as enzyme-linked immunosorbent assay
(ELISA), mass spectrometry, and Western blot are often expensive, complex, and time-consuming.
In this study, an optical fiber-based biosensor was developed to detect salivary IL-8 protein in a
label-free manner. The biosensor was able to achieve an ultra-low limit detection of 0.91 fM.
Moreover, the tested concentration range was wide: from 273 aM to 59 fM. As a proof-of-concept
for detecting the protein in real clinical samples, the detection was carried out in artificial saliva.
It was possible to achieve high sensitivity for the target protein and minimal signal alterations for
the control proteins.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

While blood products, including serum and plasma, are of common use in clinical testing several
studies consider saliva as a potential alternative fluid for biomarker discovery and diagnostic
purposes. A study comparing 2290 salivary proteins with 2698 proteins found in plasma, showed
that 58% of plasma immunoglobulins and 40% of proteins classified as biomarkers for various
cancers and systemic diseases are also found in saliva [1]. A strong association between the levels
of overlapping immunoglobulins in saliva and plasma hints at the possibility of leakage from
plasma, although the exact process remains unclear. The biomolecules may move from blood to
saliva through passive intracellular diffusion, active transport, or paracellular pathways involving
extracellular ultrafiltration within salivary glands or via gingival crevices [2,3]. When comparing
the effectiveness of saliva and blood as sources for biomarker detection, it is crucial to consider
that blood is a more complex medium, presenting numerous challenges during analysis. Factors
such as the wide variation in substance concentrations (spanning nine orders of magnitude)
can significantly reduce the chances of detecting lower-concentration targets. Furthermore, the
components of blood have varying half-lives, ranging from seconds to months, which means
peptide detection in the blood may not accurately represent the organism’s current state. On the
other hand, the oral cavity’s physiology ensures a constant flow of secreted fluid, continually
flushing and refreshing the mouth’s fluid content. As a result, the composition of saliva closely
mirrors the metabolic activity of the secretory elements producing the fluid at any given time,
providing a valuable source for monitoring both oral and systemic health [4].
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Saliva, as a body fluid for disease diagnosis, has several advantages, including non-invasiveness,
reduced risk of infection compared to blood, and ease of collection despite the age (e.g. infants)
and health conditions (e.g. disability, anxiety). The long-term stability of the oral fluid and
the presence of a wide range of biomarkers in saliva can facilitate the monitoring of the health
condition [5,6]. In order to use saliva in clinical settings, there is a need in building accurate and
convenient point-of-care devices that use it as a biological sample [7].

Interleukin 8 (IL-8) or CXCL8 (C-X-C Motif Chemokine Ligand 8) is a soluble, low molecular
weight (6-8 kDa) protein that acts as a chemoattractant for guiding the recruitment of immune
cells such as basophils, neutrophils, and T cells to the site of inflammation. IL-8 primarily
influences neutrophils by controlling their movement toward the site of infection. Like other CXC
chemokines, IL-8 plays a role in the recruitment of immune cells such as monocytes [8]. IL-8 is
found in very low amounts or even is not detected in normal tissue. Its expression substantially
increases in response to the release of pro-inflammatory cytokines (TNF, IL-1) or reactive oxygen
species, hypoxic conditions, and other external stress. In response to stimuli, cells with toll-like
receptors such as dendritic cells, macrophages, fibroblasts, and adipocytes can secrete IL-8 [9].

Alterations in the level of salivary IL-8 are associated with the progression of specific types
of chronic diseases and the efficiency of radiotherapy in cancer patients, validating its use as a
diagnostic biomarker. The data obtained from a meta-analysis of 11 studies highlight a significant
increase in the level of salivary IL-8 in oral cancer patients compared to the control group [10].
While for healthy patients it varied from 52.1 to 1580.7 pg/mL, for the oral cancer group it
ranged between 283.7 and 4082.8 pg/mL, suggesting the potential of salivary IL-8 to be used
as a biomarker for oral cancer. Particularly, salivary IL-8 has been extensively studied in the
framework of oral squamous cell carcinoma (OSCC), where studies validate its use for the
non-invasive early diagnosis of OSCC [11,12]. The combined tracking of IL-8 in saliva and
IL-6 in serum can further increase the accuracy of OSCC diagnosis with 99% sensitivity for the
biomarkers [13]. The concentration of IL-8 in normal conditions is significantly lower when
compared to pathological conditions, corresponding to 30 pM in healthy patients, and 86 pM in
patients with oropharyngeal squamous cell carcinoma [14]. Salivary IL-8 concentration was also
shown to be associated with the response to radiotherapy (RT) in patients with head and neck
cancer, where higher levels of IL-8 before treatment correlated with a worse response to RT, and
vice versa [15]. Statistically significant increase in the levels of IL-8 in saliva of patients with oral
potentially malignant disorders such as oral lichen planus has also been shown to be concordant
with concentrations in serum [16]. A study on the salivary biomarkers discovered that salivary
cytokine concentrations fluctuate across various stages of breast cancer when compared to a
control group. The proteomic analysis of salivary proteins in secondary breast cancer patients
verified notable changes in IL-8 levels throughout the progression of the disease [17]. Moreover,
the differentiation potential of IL-8 was established for distinguishing healthy smokers from
those with chronic obstructive pulmonary disease (COPD). The levels of IL-8 and MMP-9 in
saliva, which are related to lung function in individuals with COPD, have the potential to be used
for monitoring disease progression [18].

Given the prospects of detecting salivary IL-8 in the context of diagnosing diseases and
predicting the response to radiotherapy, there is a need for tools with a highly sensitive and
robust response. Conventional techniques used to detect IL-8 biomarkers include enzyme-linked
immunosorbent assay (ELISA), mass spectrometry, western blot, and flow cytometry. However,
these techniques require complex instrumentation that is expensive and requires trained personnel
for their operation. The main drawbacks of ELISA kits and sandwich assays are the long
turnaround time, which might reach up to 24 hours, the limitation in the analyzed volume of the
sample, the need in labelled reagents and the detection of only one analyte at a time. To achieve
more rapid and point-of-care testing, different types of biosensors have been developed. While
several fluorescence-based optical sensors and electrochemical biosensors have emerged, there
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are challenges in translating these developments for clinical use. The study on the fluorescence
probe-based method achieved a 4 fM limit of detection for measuring IL-8 in saliva, but the
optimization of the sensor for measurements is labor-intensive procedure with a time-consuming
analysis [19]. Other different tools developed for the detection of salivary IL-8 protein are listed
in Table 1.

To address the limitations of existing detection approaches, this study emphasizes the imple-
mentation of an optical fiber-based biosensor that enables rapid and highly sensitive detection of
the target analyte. Optical fiber-based biosensors employ photons as signal carriers, circumvent-
ing complications associated with electrical interference typically observed in electrochemical
biosensors. The insensitivity of fiber optic biosensors to electromagnetic disturbances, coupled
with numerous benefits such as economical raw material costs, compact dimensions, and minimal
detection thresholds, render them superior for sensing applications compared to alternative sensor
modalities. Furthermore, these optical fiber sensors demonstrate exceptional performance metrics
in regard to limits of detection, response time, and selectivity, and are capable of simultaneously
detecting multiple analytes through the construction of multiplexed assays [20]. Biosensing
elements of the sensor, which can be enzymes, cells, antibodies, aptamers are responsible for
binding to the analyte in the medium. Transducers connect changes in the concentration of the
analyte to the intensity of the light, transforming the signal received from the bioreceptor into the
electrical signal that transmits the information of the quantity or the presence of the analyte. The
electronic component of the biosensor integrates an amplifier and processor, which collectively
manage the detection, transmission, and documentation of signals in the form of photons [21].

Optical fiber sensor frequently used in biosensing are grating based sensors such as tilted
fiber Bragg gratings (TFBG), etched FBG (EFBG), long-period grating (LPG), plasmonic FBG,
interferometric sensors and lossy mode resonance-based sensors [22–26]. Together with the
advantages they offer, they also have some limitations. Grating-based optical fiber sensors need
an inscription to obtain a periodic modulation of the refractive index (RI) inside the core which
is usually done by special instruments [27] adding up to the price of the sensing probe. LPG and
TBFG operate in a transmission mode making them a less attractive biosensing unit. To work in
reflection, the fiber needs to be cleaved and a broadband mirror has to be fabricated there which
adds an additional manufacturing step [28]. For LPG, the fiber has to be cut precisely after grating
so that interference fringes are not formed [29]. Tapers, on the other hand are fragile; and they
together with plasmonic sensors have a low fabrication yield [30]. BR sensors used in this study
have several advantages: it is a low-cost platform fabricated using a telecommunication-grade
fiber; it is a label-free sensing unit; it has a potential to be used in situ and multiplexed; and
it previously showed high sensitivity towards analyte of interest when used as a biosensing
transducer [31]. The first ball resonator (BR) sensor was introduced by Shaimerdenova et al in
2020 [22] when they fabricated it using telecommunication-grade fiber with a CO2 laser forming
a sphere on the tip. It behaved as a weak interferometer with a return loss below -50 dB. When
interrogated with an optical backscatter reflectometer, it showed sensitivity to the RI change of
the surrounding media; their simple fabrication method together with its sensitivity makes it a
good platform in biosensing.

As the role of IL-8 has been progressively investigated, a particular emphasis should be posed
to the detection of IL-8 with particular emphasis to the low concentrations when the detection
occurs in saliva which might have low abundance of target protein and high dilution rates [32].
Clinical data obtained from the study of patients with OSCC reveals the levels of salivary IL-8
protein to be in the range of 70.86–652.83 pg/ml for a group of oral precancer patients with
oral submucous fibrosis and 308.09–3123.53 pg/ml for OSCC patients [33]. Considering the
complex and multistep progression of diseases characterized with varying levels of biomarkers
and individual differences in the concentration of biomarkers among patients, detection tools
with a high sensitivity covering a wide range of detection provide a significant clinical utility.
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The present study is focused on the detection of IL-8 in the artificial saliva samples as salivary
diagnostics holds promise in terms of safe and non-invasive collection of samples from the
patients. In this work, we report the development of a fiber optic biosensors for measurement of
IL-8 protein. A sensor sensitive to RI change was fabricated and functionalized with ligands
specific to the target protein. The surface of the sensors was analysed by atomic force microscopy
and the biosensor was used to measure a wide concentration of IL-8 protein in artificial saliva.
Specificity of the biosensors was also studied using no ligand sensor and control proteins.

2. Materials and methods

2.1. Fabrication of fiber optic spherical tip

Fiber optic spherical tip sensors were fabricated from the standard single-mode fibers using a
CO2 laser splicer (Fujikura LZM-100). The fabrication process is depicted in Figure S1. To
form a ball at the end of the fiber, two fibers were aligned, spliced and the resulting structure was
subjected to high laser power by setting the parameters on the splicer device. Through power
calibration, the parameter for the absolute power was determined to be 314 bit that was used for
the fabrication of the ball at the tip of fiber. The tip of the sensor was imaged using the Zeiss
AxioZoom V16 macroscope with a PlanNeoFluar Z 1x/0.25 FWD 56 mm objective at 112x
digital zoom. Sensors with ball diameters of 524 µm, 551µm, 556 µm and ellipticity, respectively,
0.174, 0.159, 0.188 were used in the experiment. The fabrication process took a short time (∼1
min) and the obtained sensors were further selected based on their reflectivity and sensitivity to
RI changes.

2.2. Calibration of the fiber optic sensors

To check the sensitivity of the sensors to the RI changes of the media, calibration of the sensors
using sucrose solutions of different concentrations was performed. The experimental design of
this work was adapted from the study on the detection of CD44 protein [31]. The sensor tip
was placed in a vial and was connected to the optical backscattering reflectometer (OBR 4600,
Luna Innovations, US) to interrogate sensor measurements. BR sensor has low reflectivity in the
interface between fiber surface and surrounding medium, and have imperfection of the shape of
the spherical tip and its spectra is characterized by shallow fringes; as a result each fabricated
sensor has its own unique spectral feature [22]. The reflection data is acquired based on the
parameters set for the interrogator: resolution bandwidth of 0.257 GHz, electrical gain 0 dB, and
scan range corresponding to 527 nm to 1613 nm. Following the checking of sensor response in
air and water, measurements were continued in sucrose solutions of increasing concentrations by
starting from 6 ml of 10% sucrose solution and adding stepwise 400 µl of 40% sucrose solutions
to reach a total of 7 measurements. Verified RI values for the sucrose solutions correspond to an
increase from 1.34761 to 1.35696 which was measured using an Abbemat refractometer (Anton
Paar, Austria). As selection criteria, changes in the amplitude peaks were tracked during the
measurement, and obtained data from calibration was analyzed using MATLAB software to
check the reflectivity, sensitivity and evaluate the coefficient of determination (R2). To remove
the background noise signals from the spectral data, 7th order Chebyshev low–pass filter with
characteristics of 0.0084 normalized frequency cut-off was used to filter the data. Sensors with a
high reflectivity and (R2) value of at least 90-95% were considered to be sufficiently responsive
to be used for further functionalization procedures.

2.3. Functionalization of the fiber surface with anti-IL-8 antibody

The protocol for the functionalization procedure was adapted from the work focused on the
application of fiber-optic BR for the detection of CD44 protein [31]. The schematic representation
of the functionalization steps is illustrated in Fig. 1. To remove any impurities from the sensor’s
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Fig. 1. Steps in the functionalization of the ball resonator at the tip of the optical fiber
sensor for IL-8 protein measurement.

surface and increase hydroxide groups for further silanization, sensors were immersed in the
Piranha solution for 15 min. Solution was prepared by using the sulfuric acid and hydrogen
peroxide solutions in a 4:1 ratio. Following washing with deionized (DI) water, nitrogen gas was
used to dry the surface of sensors. For the silanization step, 1% (3-Aminopropyl)trimethoxysilane
(APTMS) solution in methanol was prepared and sensors were treated for 20 minutes. Following
cleaning with methanol, sensors were heat treated for 1 hour in the oven at 110 °C and rinsed with
water before incubating sensors in the 25% glutaraldehyde (GA) solution in phosphate buffer
saline (PBS) buffer for 1 hour. For the subsequent attachment of the anti-IL-8 antibody (Abcam,
Cat.# ab18672), antibody solution (4 µg/ml) in a fresh PBS was prepared and sensor tips were
incubated for one hour on a shaker. After the antibody treatment, sensors were incubated for
another 30 min in the 1% poly(ethylene glycol) methyl ether amine (mPEG-amine) solution
in PBS to block non-specific binding. Sensor tips were washed with PBS between each steps,
including after GA and antibody, and after full functionalization biosensors were stored at 2–4 °C
in PBS before further use. For the negative control sensor, which has no immobilized antibody
on the surface, exactly the same conditions were maintained: negative control sensors were
incubated in PBS only before being blocked. For surface morphology analysis, sensors were
functionalized following the same protocol as the main sensors for target protein measurement.

2.4. Measurement of the target and control proteins

To perform protein measurements with the functionalized sensors, serial dilution of recombinant
human IL-8 protein (Abcam, Cat.# ab259397), with concentrations ranging from 273 aM to
100 nM (1:6 dilution) in artificial saliva (LCTech GmbH) was prepared. By connecting the
sensor to the OBR device and placing the tip of the fiber in the vial with 300 µl of IL-8 protein
solution, measurements were performed starting from the artificial saliva as a blank solution.
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Fig. 2. The experimental setup shows a fiber optic ball resonator sensor that was used to
detect IL-8 protein. A. A general setup with the sensor connected to an interrogator and
a computer for data collection and analysis. B. A magnified view of the fiber optic ball
resonator sensor (circled) inside the vial for protein measurement.

The position of the sensor within the vial and overall setup can be seen in Fig. 2. For each protein
concentration, 10 measurements were performed with an interval of 1 min. By using data on
the response of the sensor at the lowest IL-8 concentration as a blank value and the maximum
standard deviation the following equation was used for calculation of limit of detection (LoD);
LoD=f −1(yblank + 3σmax). To ensure the replicability of obtained results, detection of IL-8 with
functionalized sensors has been demonstrated by repeating measurements with three sensors.
Collected data on the sensor response to different protein concentrations was analyzed using
MATLAB software.

To check the selectivity of the functionalized sensor, measurements with control proteins
were conducted maintaining the same conditions. As controls, carcinoembryonic antigen (CEA),
and lysozyme proteins were used. The specificity of the biosensor has been further verified
by comparing the amplitude change of two sensors during measurements of the target protein:
sensor functionalized with IL-8 antibodies and a negative control sensor (with no antibodies).

2.5. Surface morphology analysis

The height and roughness of the surface coating were evaluated using a JPK Nanowizard
4XP AFM (Bruker Instruments Germany) coupled with an inverted ZEISS Axio Observer 7
microscope (ZEISS Instruments Germany) to analyze the surface morphology of the ball surface
following each step of the functionalization process. The scanning parameters of 0.5nN setpoint,
z-speed of 40 m/s, and scan rate of 1 Hz were applied to a RESPA20 probe (Bruker, Germany)
with a nominal spring constant K= 0.9 N/m, resonant frequency f= 20 kHz, and radius r= 8 nm.
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A scanning area of 10µm× 10µm was used to probe the broad view of the ball in order to observe
the homogeneity of the surface prior to acquiring numerous 1µm× 1µm images with a resolution
of 5 nm/pixel in the X-Y plane. All images were acquired using QI Biomolecules in liquid mode
in PBS at room temperature. Images were visualized using Gwyddion software. For each layer,
three different samples were obtained, each with at least 10 different 1µm× 1µm regions for
statistical analysis. GraphPad Prism 9 was used to conduct statistical tests to accurately quantify
the dispersion in surface height and root-mean-square (RMS) roughness, as well as the statistical
significance of the results between various phases.

3. Results and discussion

3.1. Fabrication and calibration of ball resonators (BR)

To detect IL-8 proteins in saliva, BR were fabricated and interrogated with the OBR device to
check their sensitivity to the changes in the RI. The interrogation of the fabricated ball resonators
helps to evaluate the sensitivity and quality of the response produced by the fabricated sensors to
the RI changes of the media. The two-sided profilometry of the spheres on the tip of single-mode
fibers is shown in Figure S2. Figure S3 shows the microscopic image of a BR sensor. The
performance of sensors was evaluated based on the reflection spectra and changes in amplitude.
Given the high responsiveness of the sensor to the changes in RI and a desirable decrease in the
return power as evidenced by Figure S4, these sensors were selected for further functionalization
steps and were used during measurements with IL-8 and control proteins. Figure S5 demonstrates
a consistent decrease for all three sensors in the amplitude changes with increasing RI values.
A linear trend was observed for three sensors with a coefficient of determination R2>0.99.
Fabricated BR act as weak interferometers that are responsive to external physical stimuli. To
achieve the detection of a specific analyte, sensing units were further functionalized to develop a
biosensor specific to the IL-8 protein.

3.2. Surface morphology of the functionalized sensors

The surface morphology of the sensor was imaged using AFM for all functionalization steps,
and 3D images illustrating the variations on the surface are shown in Fig. 3(a-f). Figure 3(g-h)
clearly demonstrated that the sensor surface treated with Piranha solution has the lowest height
and RMS roughness. APTMS treatment resulted in a smoother surface with increasing height
and roughness. Heat treatment promoted cross-linking of the APTMS polymers on the sensor’s
surface, effectively increasing the height and roughness similar to other reported work [31]. After
GA treatment, there were more peaks leading to surface irregularities, with a slight decrease
in height compared to the sensor surface following heat treatment. This decrease in surface
height and roughness is caused by the surface being conjugated with the linker for antibody (GA),
which fills in the valleys and reduces the height difference between the peaks and troughs on the
surface. The data in Fig. 3(g-h) showed that antibody immobilization had no significant effect on
height or roughness. The overall gradual increase in the thickness of the layers is consistent with
the literature data showing an increase in the height of the surface layer following APTMS and
antibody attachment compared to the bare sensor [39]. Small difference in roughness between
APTMS-GA and antibody layer could be due to a full coverage of the surface by APTMS
similar to the work by To et al [40]. The addition of mPEG-amine as a blocking agent to
prevent non-specific binding to the immobilized antibodies resulted in a much smoother surface.
Variations in the height and roughness of the ball surface can be used to track the immobilization
of each functionalization step and confirm layer attachment.



Research Article Vol. 15, No. 1 / 1 Jan 2024 / Biomedical Optics Express 193

Fig. 3. Analysis of surface morphology for bare and functionalized sensors. Representative
3D images of a 1 µm2 scanned area on the electrode surface for: (a) treatment with piranha,
(b) treatment with APTMS, (c) additional treatment with heat, (d) addition of glutaraldehyde,
(e) treatment with antibody, and (f) blocking with mPEG-amine. Comparison of the height
(g) and RMS-roughness (h) for all functionalization steps (N ≥ 310).
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Fig. 4. The performance of the biofunctionalized ball resonator (BR) biosensor during IL-8
detection. A) Sensorgram displaying the spectral level with increasing concentrations of
IL-8 in artificial saliva; data for the sensor with diameter 556 µm is presented. B) Response
of the BR sensor across a wide range of IL-8 concentrations (273 aM to 100 nM). Error
bars=measured data (average value± standard deviation, over 6 consecutive measurements).
In the high-sensitivity region (273 aM – 59 fM), data are compared to a log-quadratic fit
(R2 > 96%); the limit of detection is to 0.91 fM.

3.3. Detection of IL-8 by the functionalized optical fiber biosensor

BR sensors which showed sensitivity to RI change were functionalized with ligands specific
to IL-8 protein, and the functionalized sensors were used to detect the IL-8 in diluted artificial
saliva solutions, measuring each concentration for 10 minutes as shown in Fig. 4(A). Changes in
the intensity of the signal for the sensor in response to different concentrations of protein are
given in Fig. 4(B). A rise of amplitude as the protein concentration increases can be observed
with a flattening of the signal towards the last three protein concentrations (Fig. 4(A)). When
a wider analyte concentration was tested, the results also demonstrated that at higher protein
concentration saturation occurred (Fig. 4(B)). The region where the sensor had the highest
sensitivity for IL-8 was used for the estimation of the LoD. The response of the sensor at the
lowest protein concentration (yblank) and the maximum variation in the standard deviation (σmax)
for the data used for the calculation of LoD, which was calculated to be 0.91fM. Highly sensitive
response corresponded to the lowest concentrations of IL-8 and changes in the spectral intensity
for the given region demonstrated in Fig. 5 indicate the capacity of the sensor to detect variations
in the protein concentrations at ultra-low levels.

Figure 6(a-c) shows three IL-8 biosensors used for the target protein detection, which displayed
a consistent response in intensity change with high differentiation power for the region of low IL-8
concentrations. The response of all sensors began to saturate at high protein concentrations. The
acquired data provides strong evidence for the replicability of our observations for the intensity
change during protein measurements.

A possible explanation for the observed trend in the sensors’ response could be due to the high
binding affinity of the antibody-protein pair. The high response shown by the BR biosensor,
that is in analogy with some previously reported detection of proteins [31], can prove that the
binding process is repeatable and detectable at concentrations that are inferior to the range of use
of ELISA, showing a high response at the lowest concentration and over 3 orders of magnitude.
In converse, the sensor offers a saturated response over this range, suggesting that saliva samples
can be diluted to match the target detection range, which results in the saturation of the binding
sites. In this case, the potential mechanism behind this observation could be connected to the
slow-release kinetics of the protein from the antibody compared to that of binding. As the sensor
is placed in the serially diluted solutions of protein, starting measurements from lowest to highest
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Fig. 5. Detection of IL-8 at ultralow concentrations. (a) S-polarization spectrum of
the functionalized BR sensor (size 551 µm) exposed to the reference artificial saliva and
to IL-8 concentrations ranging from 273 aM to 59 fM. (b) Inset on the spectral portion
around 1534 nm demonstrating the highest detection sensitivity. (c) Boxplot displaying the
intensity change from the reference condition for each low-concentration IL-8 condition; red
line=median, box= 25/75th percentile, bars=minimum/maximum values, acquired over 10
minutes with 1-minute sampling time.

leads to the occupation of antibody binding sites by the protein, which prevents the sensor from
detecting the changes in concentration for the subsequent measurements. The small variation in
the response collected for the third sensor displayed in Fig. 6(c) can imply that sensor was still able
to detect some changes for the high protein concentrations, which requires further experiments to
optimize antibody concentration used during the functionalization procedure to achieve better
differentiating power. Despite the given variations in size and spectral characteristics of each
biosensor, functionalization procedure allows to achieve a comparable sensitivity for all samples,
with a high response at the lowest concentrations, a log-quadratic pattern up to 0.1 pM followed
by the saturation pattern as shown in Fig. 6(d). The different sensitivity of each sensor was
reflected in the slight divergence between the intensity values, without affecting the overall trend
for IL-8 detection.

3.4. IL-8 biosensor is selective for the target protein

To ensure the selective detection of target of interest by the functionalized sensor, it was important
to evaluate its response against other proteins that are commonly found in saliva or increased
due to pathological conditions. Changes in the intensity parameter for the IL-8 detection and
control proteins are shown in Fig. 7. Sensors used for the measurements of CEA and lysozyme
were functionalized in the same way as the sensor used for the IL-8 detection. These proteins
were chosen as controls because the levels of CEA protein have been found to be elevated in
the saliva of patients with oral cancer, while the lysozyme is one of the abundant antimicrobial
proteins in saliva [41]. Obtained results show that the responses of the IL-8 biosensor to the
CEA and lysozyme control proteins were significantly lower compared to the target IL-8 protein.
The difference in the measured intensity change confirms the specificity of the IL-8 biosensor to
the target protein.
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Fig. 6. Repeatability of the IL-8 detection, evaluated over 3 different sensors having
diameters 551, 524, and 556 µm undergoing the same functionalization process and detection
over the same concentration range. (a-c) Intensity decrease observed from the reference
value observed for each of the three sensors (error bar= value± standard deviation). (d)
Repeatability trace combining the response of all three sensors (solid line=mean response;
shaded region=± standard deviation).

Fig. 7. Specificity analysis for the IL-8 ball resonator. The chart displays the sensor
response, measured from the lowest concentration (273 aM), compared with other two
sensors undergoing the same functionalization and detecting non-specific controls (CEA
and lysozyme), and a probe functionalized with no antibodies

4. Conclusion

This work provided the proof that optical fiber biosensors could be used to detect IL-8 proteins in
artificial saliva solution at extremely low levels. A sensor functionalized with anti-IL-8 antibodies
enabled us to develop a highly selective and sensitive sensor for the detection of IL-8 protein in
saliva, allowing for the rapid and non-invasive identification of salivary biomarker biosensor for
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the selective detection of IL-8 protein. The development of multiplex systems to detect incredibly
low concentrations of salivary biomarkers is possible given the femtomolar detection limit of
the biosensors. This would allow for a non-invasive diagnosis of diseases. In comparison to
currently available IL-8 detection tools, obtained results demonstrate the functionalized sensor’s
high sensitivity and selectivity. It is also simple to fabricate, offers a reproducible response, and
enables rapid detection.
Funding. Science Committee of the Ministry of Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19576207); Nazarbayev University (code: 20122022FD4134 (Project “M2O-DISK”) and (code: 021220FD4451).

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

Supplemental document. See Supplement 1 for supporting content.

References
1. J. A. Loo, W. Yan, P. Ramachandran, et al., “Comparative human salivary and plasma proteomes,” J. Dent. Res.

89(10), 1016–1023 (2010).
2. R. Haeckel and P. Hanecke, “Application of saliva for drug monitoring an in vivo model for transmembrane transport,”

Eur. J. Clin. Biochem. 34(3), 171–191 (1996).
3. T. W. Pittman, D. B. Decsi, C. Punyadeera, et al., “Saliva-based microfluidic point-of-care diagnostic,” Theranostics

13(3), 1091–1108 (2023).
4. C. F. Streckfus and W. P. Dubinsky, “Proteomic analysis of saliva for cancer diagnosis,” Expert Rev. Proteomics 4(3),

329–332 (2007).
5. M. Wozniak, C. Paluszkiewicz, and W. M. Kwiatek, “Saliva as a non-invasive material for early diagnosis,” Acta

Biochim. Pol. 66(4), 383–388 (2019).
6. J. Y. Liu and Y. X. Duan, “Saliva: A potential media for disease diagnostics and monitoring,” Oral Oncol. 48(7),

569–577 (2012).
7. K. E. Kaczor-Urbanowicz, C. M. Carreras-Presas, K. Aro, et al., “Saliva diagnostics - Current views and directions,”

Exp. Biol. Med. 242(5), 459–472 (2017).
8. M. Baggiolini, P. Loetscher, and B. Moser, “Ineterleukin-8 and the chemokine family,” Int. J. Immunopharmacol.

17(2), 103–108 (1995).
9. K. Brennan and J. Zheng, “Interleukin 8,” in xPharm: The Comprehensive Pharmacology Reference, S. Enna and D.

Bylund, eds. (Elsevier, 2008), pp. 1–4.
10. M. M. A. Chiamulera, C. B. Zancan, A. P. Remor, et al., “Salivary cytokines as biomarkers of oral cancer: a

systematic review and meta-analysis,” BMC Cancer 21(1), 205 (2021).
11. P. Singh, J. K. Verma, and J. K. Singh, “Validation of salivary markers, IL-1 beta, IL-8 and Lgals3bp for detection of

oral squamous cell carcinoma in an indian population,” Sci. Rep. 10(1), 7365 (2020).
12. A. Nugrahal, N. Ramadhani, Y. Ramadhani, et al., “Salivary biomarker potential for early detection of oral squamous

cell carcinoma by surface acoustic wave technology: a narrative review,” Teykio Med. J. 45(01), 3981–3989 (2022).
13. M. A. R. St John, Y. Li, X. F. Zhou, et al., “Interleukin 6 and interleukin 8 as potential biomarkers for oral cavity and

oropharyngeal squamous cell carcinoma,” Arch. Otolaryngol. Head Neck Surg. 130(8), 929–935 (2004).
14. C. Y. Yang, E. Brooks, Y. Li, et al., “Detection of picomolar levels of interleukin-8 in human saliva by SPR,” Lab

Chip 5(10), 1017–1023 (2005).
15. S. Principe, E. Zapater-Latorre, L. Arribas, et al., “Salivary IL-8 as a putative predictive biomarker of radiotherapy

response in head and neck cancer patients,” Clin. Oral Invest. 26(1), 437–448 (2022).
16. J. Kaur and R. Jacobs, “Proinflammatory cytokine levels in oral lichen planus, oral leukoplakia, and oral submucous

fibrosis,” J. Korean Assoc. Oral Maxillofac. Surg. 41(4), 171–175 (2015).
17. L. V. Bel’skaya, A. I. Loginova, and E. A. Sarf, “Pro-inflammatory and anti-inflammatory salivary cytokines in

breast cancer: relationship with clinicopathological characteristics of the tumor,” Curr. Issues Mol. Biol. 44(10),
4676–4691 (2022).

18. J. G. Shaw, A. Vaughan, A. G. Dent, et al., “Biomarkers of progression of chronic obstructive pulmonary disease
(COPD),” J. Thorac. Dis. 6(11), 1532–1547 (2014).

19. W. Tan, L. Sabet, Y. Li, et al., “Optical protein sensor for detecting cancer markers in saliva,” Biosens. Bioelectron.
24(2), 266–271 (2008).

20. F. Chiavaioli, C. A. J. Gouveia, P. A. S. Jorge, et al., “Towards a uniform metrological assessment of grating-based
optical fiber sensors: from refractometers to biosensors,” Biosensors 7(4), 23 (2017).

21. V. Naresh and N. Lee, “A Review on Biosensors and Recent Development of Nanostructured Materials-Enabled
Biosensors,” Sensors 21(4), 1109 (2021).

22. M. Shaimerdenova, T. Ayupova, M. Sypabekova, et al., “Fiber optic refractive index sensors based on a ball resonator
and optical backscatter interrogation,” Sensors 20(21), 6199 (2020).

https://doi.org/10.6084/m9.figshare.24249430
https://doi.org/10.1177/0022034510380414
https://doi.org/10.7150/thno.78872
https://doi.org/10.1586/14789450.4.3.329
https://doi.org/10.18388/abp.2019_2762
https://doi.org/10.18388/abp.2019_2762
https://doi.org/10.1016/j.oraloncology.2012.01.021
https://doi.org/10.1177/1535370216681550
https://doi.org/10.1016/0192-0561(94)00088-6
https://doi.org/10.1186/s12885-021-07932-3
https://doi.org/10.1038/s41598-020-64494-3
https://doi.org/10.1001/archotol.130.8.929
https://doi.org/10.1039/b504737d
https://doi.org/10.1039/b504737d
https://doi.org/10.1007/s00784-021-04017-0
https://doi.org/10.5125/jkaoms.2015.41.4.171
https://doi.org/10.3390/cimb44100319
https://doi.org/10.3978/j.issn.2072-1439.2014.11.33
https://doi.org/10.1016/j.bios.2008.03.037
https://doi.org/10.3390/bios7020023
https://doi.org/10.3390/s21041109
https://doi.org/10.3390/s20216199


Research Article Vol. 15, No. 1 / 1 Jan 2024 / Biomedical Optics Express 198

23. F. Chiavaioli, F. Baldini, S. Tombelli, et al., “Biosensing with optical fiber gratings,” Nanophotonics 6(4), 663–679
(2017).

24. X. Chen, C. Liu, M. Hughes, et al., “EDC-mediated oligonucleotide immobilization on a long period grafting optical
biosensor,” J. Biosens. Bioelectron. 06(02), 1000173 (2015).

25. A. Srivastava, F. Esposito, S. Campopiana, et al., “Mode transition phenomena into an in-fiber Mach-Zehnder
interferometer,” Opt. Fiber Technol. 80, 103481 (2023).

26. S. Choudhary, F. Esposito, L. Sansone, et al., “Lossy mode resonance sensors in uncoated optical fiber,” IEEE Sens.
J. 23(14), 15607–15613 (2023).

27. X. Chen, “Optical fiber gratings for chemical and bio-sensing,” in Current Developments in Optical Fiber Technology,
W. Harun and H. Arof, eds. (Intech Open, 2012).

28. J. Albert, S. Lepinay, C. Caucheteur, et al., “High resolution grating-assisted surface plasmon resonance fiber optic
aptasensor,” Methods 63(3), 239–254 (2013).

29. G. Quero, S. Zuppolini, M. Consales, et al., “Long period fiber grating working in reflection mode as valuable
biosensing platform for the detection of drug resistant bacteria,” Sens. Actuators, B 230, 510–520 (2016).

30. A. Bekmurzayeva, K. Dukenbayev, M. Shaimerdenova, et al., “Etched fiber Bragg grating biosensor functionalized
with aptamers for detection of thrombin,” Sensors 18(12), 4298 (2018).

31. A. Bekmurzayeva, Z. Ashikbayeva, N. Assylbekova, et al., “Ultra-wide, attomolar-level limit detection of CD44
biomarker with a silanized optical fiber biosensor,” Biosens. Bioelectron. 208, 114217 (2022).

32. X. F. Zheng, F. R. Zhang, K. Wang, et al., “Smart biosensors and intelligent devices for salivary biomarker detection,”
Trac-Trends in Analytical Chemistry 140, 116281 (2021).

33. S. R. Punyani and R. S. Sathawane, “Salivary level of interleukin-8 in oral precancer and oral squamous cell
carcinoma,” Clin. Oral Invest. 17(2), 517–524 (2013).

34. R. M. Torrente-Rodriguez, S. Campuzano, V. R. V. Montiel, et al., “Electrochemical bioplatforms for the simultaneous
determination of interleukin (IL)-8 mRNA and IL-8 protein oral cancer biomarkers in raw saliva,” Biosens. Bioelectron.
77, 543–548 (2016).

35. S. Verma, A. Singh, A. Shukla, et al., “Anti-IL8/AuNPs-rGO/ITO as an immunosensing platform for noninvasive
electrochemical detection of oral cancer,” ACS Appl. Mater. Interfaces 9(33), 27462–27474 (2017).

36. V. Gau and D. Wong, “Oral fluid nanosensor test (OFNASET) with advanced electrochemical-based molecular
analysis platform,” Ann. N Y Acd. Sci 1098(1), 401–410 (2007).

37. T. Dong and N. M. M. Pires, “Immunodetection of salivary biomarkers by an optical microfluidic biosensor with
polyethylenimine-modified polythiophene-C-70 organic photodetectors,” Biosens. Bioelectron. 94, 321–327 (2017).

38. T. M. Blicharz, W. L. Siqueira, E. J. Helmerhorst, et al., “Fiber-optic microsphere-based antibody array for the
analysis of inflammatory cytokines in saliva,” Anal. Chem. 81(6), 2106–2114 (2009).

39. N. S. K. Gunda, M. Singh, L. Norman, et al., “Optimization and characterization of biomolecule immobilization on
silicon substrates using (3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde linker,” Appl. Surf. Sci. 305,
522–530 (2014).

40. T. D. To, A. T. Nguyen, K. N. T. Phan, et al., “Modification of silicon nitride surfaces with GOPES and APTES
for antibody immobilization: computational and experimental studies,” Adv. Nat. Sci: Nanosci. Nanotechnol. 6(4),
045006 (2015).

41. H. He, G. F. Chen, L. Zhou, et al., “A joint detection of CEA and CA-50 levels in saliva and serum of patients with
tumors in oral region and salivary gland,” J. Cancer Res. Clin. Oncol. 135(10), 1315–1321 (2009).

https://doi.org/10.1515/nanoph-2016-0178
https://doi.org/10.4172/2155-6210.1000173
https://doi.org/10.1016/j.yofte.2023.103481
https://doi.org/10.1109/JSEN.2023.3280675
https://doi.org/10.1109/JSEN.2023.3280675
https://doi.org/10.1016/j.ymeth.2013.07.007
https://doi.org/10.1016/j.snb.2016.02.086
https://doi.org/10.3390/s18124298
https://doi.org/10.1016/j.bios.2022.114217
https://doi.org/10.1016/j.trac.2021.116281
https://doi.org/10.1007/s00784-012-0723-3
https://doi.org/10.1016/j.bios.2015.10.016
https://doi.org/10.1021/acsami.7b06839
https://doi.org/10.1196/annals.1384.005
https://doi.org/10.1016/j.bios.2017.03.005
https://doi.org/10.1021/ac802181j
https://doi.org/10.1016/j.apsusc.2014.03.130
https://doi.org/10.1088/2043-6262/6/4/045006
https://doi.org/10.1007/s00432-009-0572-x

